Abstract. Our examination of the 20 years of magnetospheric magnetic field data from ISEE, AMPTE/CCE and Polar missions has allowed us to quantify how the ring current flows and closes in the magnetosphere at a variety of disturbance levels. Using intercalibrated magnetic field data from the three spacecraft, we are able to construct the statistical magnetic field maps and derive 3-dimensional current density by the simple device of taking the curl of the statistically determined magnetic field. The results show that there are two ring currents, an inner one that flows eastward at ∼3 R E and a main westward ring current at ∼4-7 R E for all levels of geomagnetic disturbances. In general, the insitu observations show that the ring current varies as the D st index decreases, as we would expect it to change. An unexpected result is how asymmetric it is in local time. Some current clearly circles the magnetosphere but much of the energetic plasma stays in the night hemisphere. These energetic particles appear not to be able to readily convect into the dayside magnetosphere. During quiet times, the symmetric and partial ring currents are similar in strength (∼0.5 MA) and the peak of the westward ring current is close to local midnight. It is the partial ring current that exhibits most drastic intensification as the level of disturbances increases. Under the condition of moderate magnetic storms, the total partial ring current reaches ∼3 MA, whereas the total symmetric ring current is ∼1 MA. Thus, the partial ring current contributes dominantly to the decrease in the D st index. As the ring current strengthens the peak of the partial ring current shifts duskward to the pre-midnight sector. The partial ring current is closed by a meridional current system through the ionosphere, mainly the field-aligned current, which maximizes at local times near the dawn and dusk. The closure currents flow in the sense of region-2 field-aligned currents, downward into the ionosphere near the dusk and upward out of the ionosphere near the dawn.
Introduction
The ring current is one of the oldest concepts in magnetospheric physics, yet still one of the most poorly understood. The proposal of a ring of current encircling the magnetosphere was first introduced by Störmer (1911) and given additional support by Schmidt (1917) . A ring current was later used in the model of the geomagnetic storm presented in a series of papers by Ferraro (1931) to (1941) . In this model an enhanced stream of solar wind plasma compresses the Earth's magnetic field. Thereafter some of the energetic plasma from that stream enters the Earth's magnetosphere and inflates it. The last of these papers (Chapman and Ferraro, 1941) contains a detailed treatment of the ring current that formed during the storm's main phase. The modern concept of a radiation belt of bouncing and drifting protons and electrons trapped within the magnetosphere and producing the ring current was proposed by Singer (1957) and confirmed with the discovery of the radiation belts by both US and Soviet teams in 1959 (Van Allen and Frank, 1959b; Van Allen et al., 1959a; Vernov et al., 1969) . Shortly thereafter Dessler and Parker (1959) and Sckopke (1966) showed that the magnetic field depression at the center of the Earth was proportional to the energy content of the particles trapped in the magnetic field. The depression on the surface of the Earth, the equatorial average value of which we term the D st index, is additionally enhanced by currents within the Earth that exclude the field of the newly-formed ring current from the Earth's interior.
At one time it was believed that a magnetic storm and hence, the ring current was built up from a series of small disturbances called substorms (Akasofu, 1968; Kamide, 1979) . However, storms occur generally when the interplanetary magnetic field (IMF) is strong and steady and not in intervals of fluctuating IMF (Russell et al., 1974; Russell et al., 2000) . Using what was understood about the control of the reconnection by the IMF, Burton et al. (1975) demonstrated that the ring current could be predicted from solar wind parameters with an extremely simple prescription. Energy is injected into the ring current at a rate proportional to the amount of convected southward IMF (i.e. the dawn-dusk interplanetary 
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Annual P reces s ion of P olar Orbit The orbit is shown in the solar ecliptic (GSE) X − Z plane for the orbit that was closest in this plane close to the spring equinox. The tilt of the dipole axis relative to the rotational axis of the Earth and the tilt of the rotation axis to the ecliptic pole will cause the coverage to spread over a greater area in any magnetically-oriented coordinate system, such as the solar magnetic (SM) system used in this paper.
electric field) and decays at a steady rate. The solar wind dynamic pressure controls the currents on the magnetopause that add to the disturbance seen at ground level. Many studies of this process have been carried out since that time, sometimes producing complex relations, but none have altered the basic formula of reconnection controlled injection, and magnetospherically controlled decay with a superimposed contribution from the magnetopause currents. Moreover, the energy-field depression relation of Dessler-Parker-Sckopke has been confirmed by Hamilton et al. (1988) with an important contribution by Feldstein (1992) .
In some senses we now have a very good understanding of the ultimate source of the energy of the ring current. Nevertheless, there still are many aspects of the ring current for which our understanding is poor. How does the energy of the solar wind result in the acceleration of the ionospheric particles that are found in the ring current? Where does the ring current flow? Is it symmetric? Is it concentrated at the equator? How does it couple to field-aligned currents? What is the closure of the partial ring current?
For over twenty years with the International Sun-Earth Explorer (ISEE), Active Magnetospheric Particle Tracer Explorers/Charge Composition Explorer (CCE), and now Polar we have been measuring the Earth's magnetic field in the region in which the ring current is flowing. We have amassed a data set that amply covers the volume of the magnetosphere over a large range of geomagnetic conditions. We now can make important headway in characterizing the morphology of the ring current by the simple device of taking the curl of the statistically determined magnetic field. In the sections below we report on our analysis.
Data set
In this paper we use in-situ magnetic field data in the inner magnetosphere to construct a 3-D map of the average magnetic field and derive the spatial distribution of the ring current density in the inner magnetosphere. The data used are the vector magnetic field measurements of a one-minute average combined from three spacecraft, including the first 5 years of the Polar mission (Russell et al., 1995) , the entire 5 years of the AMPTE/CCE mission (Potemra et al., 1985) , and the entire 10 years of the ISEE mission (Russell, 1978) . Table 1 lists some information about the three missions. The Table 1 are quite representative of the orbits of ISEE and CCE over their entire mission, but not so representative for Polar because of the rapid precession of its line of apsides. Thus, we display in Fig. 1 the evolution of the Polar orbit to show how in the first five years most of the Northern Hemisphere was covered, as well as some of the south. The combined data sets from the three missions provide an extensive coverage of the equatorial inner magnetosphere from 2 to 8 R E in all local time sectors and over a wide range of the D st index. They are ideal for a quantitative study of the ring current. Before combining the data from the three missions into a single data set, we first intercalibrate the scale factors of the magnetometers on the three spacecraft. The scale factor converts the magnetic field measurements from the engineering unit (counts) into the physical unit (nT). It introduces errors mainly in the high field region, if it is not accurate. For example, an error of 0.1% in the scale factor will cause a 8 nT error in a region with a 8000 nT field, a typical value at 1 R E altitude. To intercalibrate the scale factors of the magnetometers from the three missions, we use the Polar magnetic field data as reference and compare the ISEE and CCE magnetic field strength to the Polar magnetic field strength at 1 R E altitudes in the equatorial plane. The correction factors for ISEE and CCE are determined by forcing the observed magnetic field strengths to agree with each other statistically. The results show that the scale factor needs to be decreased by 0.365% for the ISEE magnetometer and increased by 0.397% for the CCE magnetometer. The intercalibration of the scale factors significantly improves the quality of the data set in the high field region (L<4 R E ). We note that the Polar magnetometer has been calibrated against the terrestrial field at perigee on an orbit-by-orbit basis for the entire mission. ISEE and CCE, with fewer low altitude data, were not calibrated. Thus, it is quite reasonable to use the Polar data as the accurate reference.
Data binning
The next step is to sort the data into several ranges based on the ring current strength. It is well known that the D st index includes contributions from both the ring current and the magnetopause current. The magnetopause current responds to the solar wind dynamic pressure (P sw ) nearly instantaneously. Its contribution to the D st index is proportional to the square root of the solar wind dynamic pressure, or 13.5 (P sw ) 1/2 in nT, on average (Russell et al., 1994a, b) , where P sw is in nPa. Thus, the effect of the magnetopause current can be readily removed from the D st index based on P sw data. The corrected index D st * reflects the true ring current strength. After the correction, the D st * index is almost always negative due to the continuous presence of a quiet time ring current. On a typical quiet day, the ring current creates a magnetic field of ∼−20 nT on the ground (Araki et al., 1993; Le and Russell, 1998) .
The in-situ magnetic field data in this study are thus sorted based on D st *, the corrected index. We use the hourly solar wind proton density and bulk velocity data from near-Earth heliospheric data set (OMNI) available at the OMNIweb, to calculate the hourly solar wind dynamic pressure P sw , assuming 4% helium content. The corrected index of D st * is calculated by subtracting 13.5 (P sw ) 1/2 from the hourly D st index. Then, we tag each one-minute average magnetic field data point with the nearest hourly D st * index, and sort the data based on the D st * index. The vast majority of the data points (96%) fall into the D st * range from −20 nT to −100 nT. Thus, we group these data into four ∼−20 nT D st * ranges.
In the inner magnetosphere, the best coordinate system for the ring current study is the solar magnetic coordinates (SM), where the Z-axis is parallel to the north magnetic pole and the Y -axis is perpendicular to the Earth-Sun line towards dusk. In this study, all the magnetic field data points, as well as the corresponding spacecraft positions, are rotated into the SM coordinates initially. We then detrend the data by removing the internal magnetic field due to the Earth's core, using the International Geomagnetic Reference Field (IGRF) model. The resulting residuals (δB x , δB y , δB z ) are the perturbation magnetic field caused by external magnetospheric current systems. We further transform the data point into the SM cylindrical coordinates (δB ρ , δB ϕ , δB z ), where δB ρ is the component perpendicular to the magnetic axis (or the Zaxis) in the local magnetic meridian plane, and δB ϕ is the azimuthal component perpendicular to the meridian plane. For each data point, the corresponding spacecraft position tag is represented by (ρ, ϕ, Z) in the cylindrical coordinates, where ρ is the distance from the magnetic axis (or the Zaxis), ϕ is the azimuth angle, and Z is the distance from the magnetic equator. The magnetic local time (MLT) can be calculated from the azimuth angle ϕ. For each of the four D st * groups of data, we further sort the data into 16 local time subgroups using overlapped 3-h windows of the MLT. Data points in each subgroup cover the 3-h local time sector centered MLT=00:00, 01:30, 03:00,..., and 22:30, respectively. The final step is to bin the magnetic field to obtain the averaged magnetic field vectors on the equally spaced grids in the ρ-Z plane (the local meridian plane) for each subgroup identified by D st * and MLT.
Each binning grid in the ρ-Z plane is 0.2 R E ×0.2 R E in size. Depending on the speed of the spacecraft, there are normally a number of one-minute data points within each grid for each spacecraft pass. These data points are taken at nearly the same time and under nearly the same magnetospheric conditions, and thus, are not independent of each other. We use the average of these data points as one independent data point in the final binning. This way we ensure that each spacecraft orbit has equal weight when averaging the magnetic field and all the data points that contribute to the average magnetic field are taken at least 16 h apart.
To improve the statistics, especially for stronger ring current conditions, we have made the assumption that the ring current distribution is symmetric about the magnetic equator. Under this assumption, the Z component of the magnetic field δB z is symmetric, whereas the other two components (δB ρ , δB ϕ ) are anti-symmetric about the magnetic equator. Thus, every independent data point counts twice in the statistics, once at the spacecraft position and the other at its mirror point about the magnetic equator. Specifically, every independent magnetic field data point is placed at two positions, (δB ρ , δB ϕ , δB z ) at grid point (ρ, ϕ, Z) and (−δB ρ , −δB ϕ , δB z ) at grid point (ρ, ϕ, −Z). Figure 2 presents an example of the data coverage in the midnight (MLT 00:00) local meridian plane for −40 nT>D st *>−60 nT. The upper left panel shows the total number of independent data points from all three spacecraft. The three other panels show the individual contributions from Polar, AMPTE/CCE and ISEE, respectively. Each spacecraft complements the others in the spatial coverage. The data from ISEE and AMPTE/CCE are used only for ρ>2 R E , because some uncertainty in the spacecraft attitude data affects the quality of the magnetic residual data near the Earth. The data coverage for the other local time meridian planes are similar for the same D st * range due to the annual "precession" of the spacecraft orbit around the magnetosphere. Figure 3 shows the data coverage in the MLT=00:00 local time meridian plane for all four sub-ranges of D st * between −20 nT and −100 nT. As expected, nearly half of the data points are in the D st * range between −20 nT and −40 nT, a condition typical for quiet time ring current (top left panel). The D st * range between −40 nT and −60 nT represents conditions for moderate magnetospheric disturbances (top right panel). The D st * ranges between −60 nT and −100 nT cover times with moderate magnetic storms and during the recovery phase of larger storms (bottom panels). Most of the moderate storms are the recurrent storms occurring every 27 days (the Sun's rotation period). We note that there are isolated holes in the data coverage for D st * between −80 nT and −100 nT (bottom right panel). They are filled with the average of the data points in the neighboring grids, in a procedure to smooth the magnetic field residual vectors. Data points are also present for D st * greater than −20 nT and less than −100 nT, but the holes in the data coverage are bigger and cannot be filled completely. They are not included in this study due to the poor statistics.
Magnetic field observations
The data binning described above provides average perturbation magnetic field vectors at equally spaced grids in meridian planes of 16 magnetic local times. These magnetic residual vectors are caused by various magnetospheric current systems, including the ring current, the magnetopause current, field-aligned currents, and the tail current. Figures 4a-d illustrate the magnitude and direction of (δB ρ , δB z ), the perturbation magnetic field vectors projected on the meridian plane for the four D st * ranges, respectively. Note that the magnetic field arrows are plotted using a different scale factor for each different D st * level. The eight panels for the same D st * range are grouped in four pairs, each for one meridian plane with the Earth located in between. Also plotted are dipole magnetic field lines with magnetic latitudes at their footprints from 46 • to 70 • , at 2 • increments.
From the meridional magnetic field vectors in Figs. 4a-d, we can visualize the magnetic field lines caused by the external magnetospheric current systems. For all four D st * ranges, the residual magnetic field in the inner magnetosphere exhibits a local time asymmetry. This is in part caused by the existence of a partial ring current occurring in the nightside sector, and in part by the effect of the tail current. The residual magnetic field strength is much weaker in the dayside than in the nightside. In the dayside sector, the residual magnetic field vectors change gradually from southward to northward as the distance from the Earth increases, thus causing a depression in the Earth's equatorial magnetic field only inside the ring current. In the nightside, the Earth's equatorial magnetic field is depressed throughout the ring current region at all distances due to the tail current. The tail current also changes the direction of the residual magnetic field by stretching the nightside field lines. Thus, the configuration of the magnetic field in the inner magnetosphere is strongly influenced by the tail current, even though this current is quite distant. We note that these fields due to distant currents are curl free and thus, do not contribute to the derived currents in this region.
We now examine δB ϕ , the azimuthal component of the magnetic residual vectors. In a dipole field configuration, the magnetic field lines are confined in the meridian plane and the azimuthal component is zero everywhere. In a realistic magnetosphere, the interaction with the solar wind compresses the dayside and creates a long magnetotail in the nightside. The magnetic field lines are twisted azimuthally, except at the noon-midnight meridian plane. The azimuthal twist maximizes in the dawn-dusk meridian plane and is in such a way that the azimuthal field perturbation is eastward in the dawn side and westward in the duskside in the Northern Hemisphere. These perturbations are caused by distant current systems and thus, are curl-free in the inner magnetosphere. In addition, currents flowing in the meridian plane locally, mainly the field-aligned currents, also introduce azimuthal field perturbations near where the currents flow.
Figures 5a-d shows contour images of δB ϕ for the four D st * ranges, respectively. Only the northern meridian plane is shown. The southern part is anti-symmetric to the northern part, i.e. δB ϕ at any point south of the magnetic equator is equal in magnitude and opposite in sign to that at its northern mirror point. We use the same color scale for the four D st * levels, and the colors are saturated for large field perturbations |δB ϕ |>20 nT in Fig. 5d . The 8 meridian planes are ordered to emphasize morning-afternoon contrast. For all four levels of geomagnetic disturbances, the maximum δB ϕ magnitude occurs near the dawn-dusk meridian plane, and increases as the level of geomagnetic disturbances becomes higher. In Fig. 5a for low level disturbances, the azimuthal field perturbations are eastward in the dawn side and westward in the dusk side in the region off the equator, mainly corresponding to realistic magnetosphere configuration. At next level of disturbances (Fig. 5b) , the effect of the fieldaligned currents appears near the dawn and the dusk. The corresponding δB ϕ is westward in the dawn and eastward in the dusk, mainly at a higher latitude region, thus locally reducing the tailward twisting of the field lines in the region with ρ>3 R E . As the level of disturbances increases (Figs. 5c and d), the azimuthal field perturbation associated with the field-aligned currents increases accordingly and eventually becomes dominant near the dawn and the dusk. At the highest disturbance level, the magnetic field lines are twisted sunward locally due to the strong field-aligned currents. The maximum perturbation of the azimuthal magnetic field δB ϕ reaches −38 nT near dawn (MLT=07:30) and 50 nT near dusk (MLT=19:30).
We now check if the statistical magnetic field patterns presented above are divergence free, since the sorting and averaging used to construct these statistical patterns do not necessarily preserve the divergence free condition of the magnetic field. We calculate the divergence of the average magnetic field residual vectors (∇·δB) at each grid point and list the values of the mean, median and standard derivations of the results in Table 2 . The same unit of nA/m 2 is used for these values, in order to compare them with the derived current density (∇×δB) that will be presented in the next two sections. The results in Table 2 show that the divergence of the statistical magnetic field is reasonably small in comparison to the deduced current density. They are in the same order of the statistical noises shown in the derived ring current density patterns, much smaller than the maximum ring current density. 
The symmetric and partial ring currents
The current density j can be derived from the curl of the residual magnetic field δB, based on Ampere's law. The magnetic field caused by the magnetopause current and the tail current is basically curl-free in the inner magnetosphere. The ring current density can be obtained from the azimuthal component of the curl of δB
where positive (negative) j ϕ is for current flowing westward (eastward). Figures 6a-d show the derived current density in nA/m 2 as the color images for the four D st * ranges, respectively. We use the same color bar scales for different D st * levels and let the color saturate for the current density greater than 6 nA/m 2 in Figs. 6c and d, to better illustrate the features for various D st * ranges. We should note that the current density is obtained by taking the derivatives of the magnetic field and is sensitive to statistical noise in the data. Therefore, fine structures in the current density distribution may not be significant, and one should not attempt to obtain such information from this study. The objective of the analysis is to obtain the structure of large-scale current systems. The collective currents integrated over a larger region are more significant and reliable statistically.
For all four D st * ranges, the derived current consistently shows the existence of an inner ring current flowing eastward in the region ρ∼2−4 R E , in addition to the main westward ring current. Such an eastward inner ring current has long been predicted to occur at the earthward edge of the plasma sheet, as a result of the negative plasma pressure gradient in the region inside the pressure maximum. It has been observed in the magnetic field data of the DE-1 spacecraft (Nakabe et al., 1997) . The eastward ring current enhances the Earth's surface magnetic field. However, the total current is very small. As it should, the inner ring current also exhibits asymmetry in magnetic local time as the westward ring current with stronger current in the nightside, and the inner ring current intensifies as the D st * index decreases. Its peak current density is typically 5 times smaller than that of the main westward ring current. The total current is still smaller, since it is confined in a small cross section compared to the westward ring current, which is distributed over the region ρ∼4−8 R E . Its major characteristic is a strong asymmetry in magnetic local time due to a partial ring current, regardless of the magnetospheric activity levels. For the quiet time ring current in Fig. 6a , the peak of the westward ring current occurs near the local midnight. The peak appears to move more and more towards the pre-midnight sector as the D st * index decreases. The peak value reaches 7.6 nA/m 2 in Fig. 6c and 11.0 nA/m 2 in Fig. 6d .
To better illustrate the local time asymmetry of the ring current distribution, Fig. 7 shows the equatorial current intensity for the four D st * ranges. The current intensity here is the total current per meter along ρ in a finite-thickness equatorial disc. Its value is obtained by integrating the current density in the Z-direction from −1.6 R E to 1.6 R E , the main region for the westward ring current. This calculation slightly underestimates the total current intensity for the inner ring current, which is mainly confined within 1 R E from the magnetic equator, and the current above 1 R E flowing in the opposite direction decreases the number. The calculation also underestimates the total current intensity for the main westward current because the current density in the region above 1.6 R E is not negligible. Nevertheless, Fig. 7 clearly shows the characteristics of the ring current's local time distribution. Please note that different color scales are used in the four panels to accommodate the large variations in the ring current intensity for different D st * ranges. Figure 8 repeats this display using a logarithmic color scale that remains fixed across the four panels.
The main ring current appears to become increasingly asymmetric as it develops during the magnetic storms, as evident by the contrast of the nightside maximum to the dayside minimum intensities in the ring. It is mainly the partial ring current that becomes more intense at a higher disturbance level. Meanwhile, the peak of the current intensity shifts earthwards, in addition to the duskward move observed in Figs. 7 and 8. During the quiet time, the partial ring current is distributed nearly symmetrically around the local midnight and is centered at ρ∼6 R E (panel (a) ). In contrast, the partial ring current is most significantly intensified in the premidnight sector, and the bulk of the partial ring current moves to ρ∼5 R E during moderate magnetic storms (panel (d) ).
The effect of the erosion of the dayside magnetosphere during moderate magnetic storms is also evident in the two bottom panels (c) and (d) of Figs. 7 and 8. An eastward current gradually appears in the dayside to within ρ∼8 R E as the ring current intensifies, especially for the smallest D st * range in panel (d) (−80 nT>D st *>−100 nT). It is apparently a part of the magnetopause current system. During the quiet times or northward IMF conditions, the typical magnetopause subsolar distance is 10.3 R E (Petrinec and Russell, 1996) . The inward motion of the magnetopause can be caused by an increase in the solar wind dynamic pressure or/and by the dayside reconnection under persistent southward IMF conditions that transfers the dayside magnetic flux to the nightside. For moderate storms, especially recurrent ones, the interplanetary magnetic field is generally southward but the solar wind dynamic pressure is normal. The magnetopause moves earthward as the reconnection occurs in the dayside magnetopause under southward IMF conditions.
The total westward ring current can be estimated by integrating the current density over most of the area of the current flows. Since the westward ring current flows mainly in the region from 4 to 8 R E in the cylindrical radial distance, we obtain the total westward ring current by integrating all the westward current density (j ϕ >0) over the area from 4 to 8 R E in ρ and −2 to 2 R E in Z. Figure 9 shows a polar plot of the total westward ring current as a function of the magnetic local time for the four D st * ranges. In the polar plot, the radial distance of the curve at a particular azimuth angle represents the total current at the corresponding magnetic local time. During quiet time (−20 nT >D st *>−40 nT), the total westward current is ∼0.5 MA in the dayside and ∼1 MA near the midnight. In such a case, the symmetric ring current and the partial ring current are similar in strength. The partial ring current is centered near the local midnight. As the disturbance level increases for the three smaller D st * ranges, we note that the strength of the symmetric ring current (i.e. the dayside value) increases to the similar level, ∼0.8 MA. In contrast, the partial ring current (i.e. the nighttime value with the dayside value subtracted) exhibits a most drastic increase in strength, which is strongly dependent on the D st * index. Thus, it is mainly the partial ring current that contributes to the varying depression of the Earth's surface magnetic field, and the consequent decrease in the D st index during magnetic storms. The partial ring current is present everywhere in the nightside, but its peak shifts from the midnight to the pre-midnight sector as the partial ring current strengthens. For the range −80 nT>D st *>−100 nT, the peak of the partial ring current moves to ∼19:30 MLT. The total current at the peak reaches ∼3.4 MA, in which ∼0.8 MA for the symmetric ring current and ∼2.6 MA for the partial ring current.
Closure of the partial ring current
The existence of the partial ring current requires a fieldaligned current system to close the diverging part of the ring current through the ionosphere. The current circuit indicates that the partial ring current is closed by the field-aligned currents flowing downward into the ionosphere in the premidnight sector and upward out of the ionosphere in the post-midnight sector. The sense of the directions and the location suggest that they are consistent with the region 2 field-aligned currents. The earthward movement of the partial ring current peak also indicates that the closure region 2 field-aligned current maps to lower latitudes at a higher disturbance level.
The closure field-aligned currents occur mainly in the local times where the ring current has maximum divergence, or the largest local time variation. It is evident in Fig. 9 that the field-aligned currents maximize at local times near the dawn and dusk, and minimize near the noon and midnight. This is also consistent with the observation of the azimuthal component of the magnetic field in Figs. 5a-d . We can use our binned average perturbation magnetic field data to calculate the current density for the current flowing in the meridian plane using the curl of δB as:
where j ρ and j z are the current density components along the ρ and Z direction. The results of the calculations are presented in Figs. 10a-d for each of the 8 local time planes for the four levels of D st * used in the study. The arrows represent the magnitude and the direction of (j ρ , j Z ) vectors. Note the calibration factors for the current density are different for different D st * ranges. Figure 10a shows that the meridional current density is strongest at low altitudes, as it should be due to the convergence of the magnetic field. It is strongest in the 03:00 and 06:00 LT planes where it is flowing upward out of the atmosphere. The strongest downward currents occur at 18:00 and 21:00 LT. At other local times (daytime and local midnight), the current is much reduced. Figure 10b shows the same display for the next higher level of disturbance, −40 nT>D st *>−60 nT. The scale on the current arrow has been increased by a factor of 2. The current flow is very similar to that in Fig. 10a , but the currents (accounting for the scale change) are somewhat stronger. Figures 10c-d show the two higher levels of geomagnetic activity and they, too, are qualitatively the same as the two lower levels of activity but with even stronger currents. We note that we have checked that the currents found herein are divergence free, as they should be, if they are derived from the curl of a magnetic field.
The displays in Figs. 10a-10d emphasize the similarity of the current patterns across all levels of geomagnetic activity by rescaling the current vector. If we instead keep the current scale fixed and choose the most active plane (the dawndusk plane), we can illustrate how the meridional currents strengthen as the level of disturbance increases, as we show in Fig. 11 . Again, we see very little change in the pattern, except that the pattern shifts to lower latitudes, just a rescaling of the level of activity.
Discussion and conclusions
Our examination of 20 years of magnetospheric magnetic field data has allowed us to quantify how the ring current flows and closes in the magnetosphere at a variety of disturbance levels. The ring current density deduced from magnetic field observations includes total currents carried by plasma from all species over the entire energy spectrum. The study confirms certain expectations and alters others. There are two ring currents, an inner one that flows eastward and is due to the inner pressure gradient of the ring current particles, and an outer westward current due to the outer pressure gradient of the ring current particles, plus their intrinsic drift in the Earth's magnetic field (e.g. Lui et al., 1987) . We recall that the diamagnetic currents of the magnetospheric radiation belt cause a positive magnetic field at the center of the Earth (while locally depressing the field). The gradient and curvature drift of these same particles causes a negative downward magnetic field at the Earth's center. The currents respond very much as we expect them to, as D st * decreases. The azimuthal current system strengthens and the local time of the most intense ring current moves from post-midnight toward the dusk terminator. The unexpected result is that the ring current exhibits a strong daynight asymmetry for all disturbance levels. It is well known that the ring current is asymmetric during the storm main phase (Greenspan and Hamilton, 2000; Turner et al., 2001 ). Our results show that the ring current is always asymmetric, not just during the storm main phase. During quiet times, the symmetric ring current and the partial ring current are similar in strength, ∼0.5 MA. The partial ring current occurs in the nightside centered at midnight. As the level of geomagnetic disturbances increases, it is the partial ring current that shows the most drastic intensification and its peak moves towards dawn into the pre-midnight sector. Under moderate storm conditions (−80 nT>D st *>−100 nT), the total partial ring current reaches a peak value of ∼2.6 MA, a factor of ∼5 increase from its quiet-time value, whereas the total symmetric ring current remains well under 1 MA. Thus, some current clearly circles the magnetosphere (the symmetric ring current) but much of the energetic plasma stays in the night hemisphere as the partial ring current, which becomes dominant and contributes mainly to the decrease in the D st index during magnetic storms.
The main carriers for the ring current are ions in the medium-energy range, ∼20-200 keV, and the mean energy is several tens of keV (see Williams, 1987 for a review). The time for a 50 keV proton in the center of the ring current to drift completely around the Earth is several hours. Since the time for the build up of the ring current in the storm main phase is much more rapid than that, convection of the ring current particles, and not just the curvature/gradient drift, must be playing a substantial role for the intensification of the ring current. The convective transport of the plasmasheet plasma into the inner magnetosphere is driven by the enhanced convection electric field under a sustained period of southward IMF during the storm main phase. Conventionally, the partial ring current is thought to be carried by ions on open drift trajectories and the symmetric ring current by ions on closed drift trajectories. The striking feature of the dominant partial ring current in the nightside sectors indicates that the bulk of the ring current ions are not on closed trajectories during magnetic storms. Thus, the partial ring current ions that carry most of the energy flow into the inner magnetosphere, must be at sufficiently low energy that their motion is dominated by convection and not gradient drift. Since they do not appear to be readily convected to the dayside, it is possible that at lower L-values the convective transport to the dayside is not as readily possible as at higher auroral latitudes. Perhaps the dayside conducting ionosphere at low L-values forms a barrier to the convection and the low energy plasma builds on the nightside. In contrast, the plasma at auroral latitudes, where the lower electrical conductivity and the strong field-aligned current systems allow for fast convection to the dayside, has rapid transport from the nightside to the dayside and the reconnecting magnetopause. This suggestion is in accord with the work of Fok et al. (2003) , who pointed out that different electric field models resulted in very different local time distribution for the ring current ions in modeling the stormtime ion drift trajectories. The classical picture where the partial ring current occurs in the afternoon sectors is associated with a strong electric field in the duskside, such as that in the Weimer electric field model (Weimer, 1995) . When a strong stormtime electric field is present in the nightside, the partial ring current moves to nightside sectors and closes by region-2 field-aligned currents near dawn and dusk (Fok et al., 2001) . However, our observations show nightside partial ring currents for all disturbances levels, not only in strong storms. Moreover, we do not see any evidence in our observations that the peak of the ring current ion flux moves to the post-midnight sector during storm intensifications, as predicted by this model. In contrast, the peak of the partial ring current moves towards the dusk terminator as the ring current intensifies in our observations. A recent statistical survey of plasma pressure distribution in the inner magnetosphere yields the same result (Lui, 2003) .
The observed strong day-night asymmetry and the lack of significant partial ring current in the dayside afternoon sector argues against the details in most drift trajectory models that predict a morning-afternoon asymmetry due to a partial ring current in the afternoon sectors (Ejiri, 1978; Chen et al., 1993; Liemohn et al., 2001) . Our results indicate that the partial ring current closes via meridional currents near dawn and dusk and not near noon and midnight. Thus, while the observations are telling a self-consistent story, the current models of the ring current plasma convection have yet to reproduce the observed global morphology of the ring current.
We do not believe that the strong day-night asymmetry reflects the loss processes of the ring current ions due to charge exchange and ion cyclotron pitch-angle scattering. The former process should be slightly stronger on the nightside than the dayside, because the hydrogen exosphere is slightly denser on the nightside (e.g. Bishop, 1985) . We do not observe a significant day-night asymmetry in the ion cyclotron wave amplitude in the polar data (P. Chi, personal communication). Thus, asymmetry in the convective transport is the only remaining logical cause of the large local time asymmetry. The modeling work by Liemohn et al. (1999 Liemohn et al. ( , 2001 suggested that convective drift loss of the ring current ions at the dayside magnetopause is the dominant loss process during the early recovery phase of magnetic storms. Both the observations in our study and this modeling work challenge the symmetric ring current paradigm, in which the ring current quickly becomes symmetric after the storm main phase, when the ions drifting on open drift trajectories are trapped in closed drift paths, in response to the decrease in the convection electric field, and subsequent losses are caused by the charge-exchange with exospheric neutrals, pitch-angle scattering into the loss cone by wave-particle interaction, as well as Coulomb drag energy loss (see reviews by Daglis et al., 1999; and Daglis and Kozyra, 2002) . There is yet a weak symmetric component, presumably due to the higher energy particles that are less affected by the convective electric field.
In short, the ring current responds very much in space as we expect it would behave based on previous measurements of the plasma and magnetic field in the magnetosphere. However, one feature that was not well extracted from the groundbased data is that the ring current is very asymmetric in local time. During a storm period, reconnection on the dayside and in the tail both seem to be very strong and they pump up the energy content of the magnetosphere, but these energetic particles at low L-values appear not to be able to readily convect into the dayside magnetosphere.
